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 Abstract 
The modern society heavily relies on the consumption of fossil fuels including oil, coal, 
and gas. In the 21st century, energy shortage is emerging as a central issue worldwide, 
due to the non-renewable nature of fossil fuels. It is urgent to explore renewable and 
environment friendly energy resources to satisfy the increasing global energy demand. 
The development of energy conversion and storage devices including rechargeable 
batteries, electrochemical super capacitors and other new energy conversion and 
storage devices has been a hot topic and attracts much interests in both scientific and 
social areas. This thesis focuses on the preparation of new two-dimensional (2D) 
nanomaterials, studying their properties and developing their applications in energy 
storage in lithium ion batteries (LIBs), and electrokinetic energy conversion. 
In this thesis, different methods have been developed and used for the preparation of a 
number of 2D nanomaterials. More specifically, a method that incorporates 
nanoparticles into a three-dimensional (3D) graphene architecture has been developed. 
The obtained In2O3/graphene 3D architecture exhibits an excellent performance as 
anode material for LIBs, showing a specific capacity about 770 mAh g–1 after 100 
cycles and retaining 110 mAh g–1 at a high current densities of 2000 mA g–1. The 
excellent performance of this novel anode is linked with the properties of the In2O3 
nanoparticles and the unique 3D interconnected porous structure of graphene. The 
detail mechanism of the capacity enhancement is investigated. 
Molybdenum disulfide (MoS2) is a promising material for electronic and energy storage 
devices, but suffers from poor cycling stability and low rate capability in LIBs. In this 
thesis, a simple, effective and large-scale approach has been developed for the synthesis 
of 2D nitrogen doped (N-doped) MoS2 nanosheets. The N-doped MoS2 nanosheets with 
 2-8 atomic layers and a mesoporous structure synthesised by a simple sol-gel method 
show high surface area and enhanced lithium storage. The anode containing N-doped 
MoS2 nanosheets delivers a higher reversible specific capacity, rate performance, 
coulombic efficiency, and a better cycling stability compared with anode prepared from 
particles and non-doped nanosheets of MoS2 in LIBs. The enhanced capacity is related 
to its better electrical and ionic conductivity, improved lithium ion diffusion and lower 
polarization, which can be further attributed to its large surface area, layered and porous 
structure, increased interlayer distance, and high concentration N doping. The possible 
mechanism of the improved performance is proposed. 
Furthermore, the notion of integrating 2D materials into devices for energy conversion 
is explored. In this thesis, devices based on BN membrane were found to be containing 
a large number of nanofluidic ionic channels when hydrated. Ionic currents can be 
measured through the BN nanofluidic devices. A typical surface-charge-governed 
conductivity, which is much higher than the bulk salt solution, is observed at low salt 
concentrations (< 0.1 mM) of a variety of salt solutions. Moreover, the BN nanofluidic 
device can withstand and remain fully functional under extreme pH conditions and at 
temperatures up to 90 °C. Importantly, the device can act as electrical power generator 
which converts hydrostatic potential energy to electricity through the electrokinetic 
effect. 
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Chapter 1.  Introduction and Literature review 
 
1.1 Introduction 
The modern society largely relies on the consumption of fossil fuels including oil, coal, 
gas and etc.). In the 21st century, energy shortage is emerging as a central issue 
worldwide, due to the non-renewable nature of fossil fuels. Meanwhile, world energy 
consumption is still growing at an astonishing speed every year.[1] Moreover, the 
burning of fossil fuels contributes a great portion of the pollutants, which worsens the 
environment and causes more and more health issues worldwide. Global energy 
demand for a sustainable development is estimated to be doubled by the year 2050,[2] 
there is thus urgent need to explore renewable and environment friendly energy 
resources to satisfy the energy demand. One of the oldest and probably the most 
promising energy resource is solar energy. Solar energy originates from the nuclear 
fusion in the star that has been shining for the past four billion years located in the heart 
of our solar system. Wind, water, and tidal energy that originate from the sun light can 
be considered to be other forms of solar energy. Hydrogen (H2) is considered to be 
another promising secondary energy resource with advantages of high energy density 
(140 MJ Kg-1) which far exceeds those of fossil fuels, no carbon emission into the 
atmosphere when burning, and water as the only by-product from combustion.[3] 
However, there is a serious gap between the availability of the renewable energy and 
its rapidly growing need. The sun only shines during the day and the wind does not 
blow every moment. The unstable and inconsistent nature of the solar energy urges for 
large-scale energy conversion and storage that can save the excessive energy and 
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release it when needed. On the other hand, the development and flourishing of portable 
electronic devices also call for portable energy conversion and storage devices which 
can hold energy within a limited space and weight. For these reasons, the development 
of energy conversion and storage technology including rechargeable secondary 
batteries, electrochemical super capacitors and fuel cells has been a hot topic and 
attracts much interests in both scientific and industrial aspects. 
The ever-growing energy demands of the modern society rely on the advancement of 
energy storage techniques. The development of a more efficient battery is a driving 
force for creating new electrode materials for energy storage. Lithium ion batteries 
(LIBs) have gained great success in the recent decades in portable electronic devices 
due to their high energy density and high voltage. However, there are still some 
drawbacks for LIBs that affect their performance, limit their application in electric 
vehicles, and hinder the design of long-lasting portable devices. High reversible 
capacity, stable cycle performance, and high rate capability are the most desirable 
features attracting many research interests. The synthesis of new materials is believed 
to be a key step to overcome these problems and to meet the need for many applications.  
1.2 Inorganic two-dimensional (2D) nanomaterials: characteristics 
and advantages 
Nanomaterial is a relatively new concept. Generally speaking, nanomaterial refers to 
materials that have at least one dimension less than 100 nm.[4] The extremely small 
size can endow the material very unique properties. The smaller the size is, the more 
atoms of the material are exposed to the surface, and when the size is getting close to 
or even less than 10 nm, quantum confinement effect appears. The most obvious 
difference is the increase of specific surface area when the size of the material is 
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decreasing. Other interesting and unique physical and chemical properties include 
fluorescence shift, high stiffness and elasticity and high chemical reactivity, which 
make nanomaterial more intriguing and promising in both scientific and industrial 
aspects. 
1.2.1 Categorization of nanomaterials and characteristics of 2D nanomaterials 
Categorization of nanomaterials can be made based on their shapes. A large variety of 
nanomaterials with different shapes have been discovered or synthesised so far, such as 
nanoparticles, nanotubes, nanowires, nanorods, nanoflakes, etc. They can also be 
categorized into groups depending on their dimensionality, such as zero dimensional 
(0D), one dimensional (1D), two dimensional (2D) and three dimensional (3D) 
nanomaterials, as shown in Figure 1.1. 0D nanomaterials are the materials that have 
nano-scale size in all dimensions, which are usually referred to as quantum dots; 1D 
nanomaterials refer to those materials that have a high aspect ratio in one dimension 
with micrometer scale while the other two dimensions are still in nanoscale, such as 
nanowire, nanorod, and nanotube; 2D nanomaterials are often refereed to atomically 
thin materials with a thickness in nanometer scale, i.e. nanosheets which usually contain 
a few atomic layers. On the other hand, 3D nanomaterials is a relatively new concept, 
which usually refer to interconnected networks comprise of 1D or 2D nanomaterials as 
“building blocks”, an example of 3D material is porous graphene network. 
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Figure 1.1 Dimensionality classification of nanostructures. (V.V. Pokropivny, V.V. 
Skorokhod, Materials Science and Engineering: C, Volume 27, Issues 5–8, September 
2007, Pages 990–993, reprint with permission from Elsevier)[4] 
2D nanomaterials can be quite different in terms of electronic structure, ranging from 
insulators to metals. Some of them possess distinctive properties, including the 
topological insulator effect,[5, 6] superconductivity,[7] and thermoelectricity.[8] More 
interestingly, remarkable changes in the electronic properties can happen when their 
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thickness is reduced down to single or only a few layers, causing them to show very 
different conductivities, optical properties, photoluminescence characteristic, etc. 
Because of their intriguing properties and high specific surface areas, 2D nanomaterials 
are important in various applications such as optoelectronics, spintronics, catalysts, 
chemical and biological sensors, supercapacitors, solar cells, and lithium ion 
batteries.[9] 
This thesis project mainly focuses on 2D nanomaterials, from the synthesis method, 
their physical and chemical properties, to their applications in energy conversion and 
storage devices. 
1.2.2. Several typical 2D nanomaterials 
Two-dimensional nanomaterials have distinct properties owing to their nano-scale size 
in one dimension. The common structural feature of 2D nanomaterials is that they 
usually contain only one or a few atomic layers bonded by van der Waals interactions. 
Graphene 
Graphene has been the shining star in material science in the past decade, and the 
discovery of graphene led to the 2010 Nobel Prize in physics. Graphene is the 2D form 
of graphite, and can be considered as a basic building block for graphitic materials of 
all other dimensionalities. A piece of graphene sheet can be considered as a monolayer 
of graphite, where carbon atoms are arranged in a honeycomb lattice and connected by 
sp2 hybridized bonds. Sheets containing few layers of carbon atoms are also referred to 
as graphene because of the similarity in properties. It has attracted a staggering amount 
of attention in the past decade, due to its unique and attractive properties such as high 
electron mobility, high surface area, high Young’s modulus, and excellent thermal 
conductivity. It has been used in a wide range of applications including electronics,[10, 
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11] energy storage,[12] optical devices,[13] sensors,[14] composite materials[15] and 
even biotechnology for DNA sequencing.[16] Various methods have been developed 
in order to make desirable graphene layers, such as mechanical exfoliation, liquid-phase 
exfoliation, reduction of graphene oxide, chemical vapour deposition (CVD), etc. 
However, cost-efficiency and controllable way to attain high quality graphene remains 
a major challenge. 
Nevertheless, the flourishing research of graphene is because that graphene represents 
a conceptually new class of materials, and offers new entrance into low-dimensional 
physics that has never ceased to surprise and continues to provide a fertile ground for 
applications.[17] 
Boron nitride (BN) nanosheets 
Boron nitride (BN) nanosheets consists of a similar structure as graphene. The h-BN 
consists of atomic layers of equal numbers of boron and nitrogen atoms in a honeycomb 
arrangement which are connected with sp2-hybridized bonded. The weak van de Waals 
force between the layers makes layers easy to slide and that is the reason h-BN powder 
is suitable for lubricants. Electronically, BN sheets are insulators of a wide band gap 
around 5.97 eV.[18] Because of its electrical insulation, h-BN can be applied as a layer 
of charge leakage barrier in electronic devices.[19] Its direct wide bandgap also shows 
ultraviolet light emission, so it can be used in UV light LED devices. The light-weight 
and porous BN was reported to be a promising absorbent material for water purification 
and treatment.[20] 
Metal chalcogenide nanosheets (MoS2, WS2 and etc.) 
It was found that some transition metal dichalcogenides (TMDs) also consist of layers 
in a honeycomb-like lattice. Compared with graphene, TMDs are of particular interest 
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because of their unique properties like direct bandgap semiconductivity, high electron 
mobility, stable chemical properties. TMDs such as MoS2, WS2, MoSe2 and WSe2 have 
been previously studied and employed in a range of applications including 
catalysis,[21-24] lithium ion batteries[25, 26] and supercapacitors, solid lubricants[27], 
etc. 
 
1.3 Literature review 
1.3.1. Common preparation methods for 2D nanomaterials 
All these 2D nanomaterials have been intensively studied in the recent decade creating 
fruitful outcomes that boost the development in many areas, create new industries, 
ultimately, improve the quality of life and change the way people live. Many methods 
have been designed and developed to prepare single and few layers 2D nanomaterials. 
For the example, the top-down approaches, which rely on the exfoliation of layered 
bulk crystals, include the mechanical exfoliation,[28] liquid exfoliation,[29, 30] and 
chemical intercalation and exfoliation.[31-33] On the other hand, bottom-up 
approaches, include chemical vapour deposition (CVD),[34, 35] hydrothermal 
method,[36] sol-gel method[20, 37, 38] and other chemical process methods[39]. 
Mechanical exfoliation 
The mechanical exfoliation method is the most straightforward method for producing 
nanosheets from bulk crystalline material. The well-known “Scotch tape” method is 
first used by Andrei Geim and Kostya Novoselov to produce graphene sheets from bulk 
graphite flakes in 2004.[40] Later on, it is found that the same method also can be used 
to produce many single-layer 2D materials from the layered bulk materials, namely, 
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BN, several dichalcogenides like MoS2, NbSe2, and complex oxides such as 
Bi2Sr2CaCu2Ox.[41] In a typical process using this method, a fresh surface of a bulk 
layered crystal was rubbed against a target surface (e.g. Si/SiO2), sheets and flakes of 
the crystal were detached and clung onto the target surface. The obtained 2D nanosheets, 
with the same crystal structure as that in its bulk form, can remain stable under ambient 
conditions for a certain time up to many weeks. Easy and convenient enough, this 
method can be used to obtain pristine 2D nanomaterials, which are useful for studying 
their properties and fabrication of electronic devices. However, mechanical exfoliation 
tends to have drawbacks such as low production capacity, poor control over the 
thickness of the product and poor control over the shape of the sheets. 
Liquid exfoliation 
Coleman and co-workers have developed a liquid exfoliation method to produce 
various nanosheets, including monolayers of MoS2, WS2, MoSe2, NbSe2, TaSe2, NiTe2, 
MoTe2, h-BN and Bi2Te3.[30] After dispersion of the inorganic starting material in 
about 30 common solvents with varying tensions, the effective exfoliation of layered 
materials can be achieved by sonication. The authors believed that when the surface 
energy of the solvent is comparable with that of the layered material, the enthalpy of 
exfoliation is minimized, thus making the exfoliation easier and possible. The report 
demonstrated that N-methyl-pyrrolidone (NMP) and isopropanol (IPA) are suitable and 
promising solvents for the exfoliation of layered materials such as MoS2.  
Water and ethanol were previously considered as poor solvents for exfoliation of 
layered materials. However, the water-ethanol mixture is able to exfoliate and disperse 
2D nanomaterials, due to the change in solubility parameters upon solvent mixing. 
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Zhou et al. reported using water and ethanol as solvent is a convenient and economical 
way to prepare a dispersion of inorganic 2D nanomaterials.[42]  
However, one limitation of liquid exfoliation is its inability to completely eliminate the 
absorbed solvent from the products surface. The strong molecular interactions between 
graphene layers and solvent molecules (such as π-π interactions), and the extremely 
confine space in the 2D materials’ layers make complete evaporation or removal of the 
solvent very difficult. The presence of these residual molecules may alter the physical 
properties of the 2D material.[43, 44] Other limitations include the high cost related to 
the solvent used and toxicity of many common used organic solvent.[30] 
Chemical intercalation and exfoliation 
Despite the fact that the mechanical exfoliation method can produce pristine single-
layer 2D nanosheets, its extremely low throughput restricts it from practical 
applications. Especially, the fabrication of thin film devices and formation of functional 
composites require the large-scale production of 2D nanomaterials and a cost-efficient 
method.  
Chemical exfoliation can be used to produce 2D nanomaterial from bulk crystal. H. 
Ramakrishna Matte et al. use n-butyllithium as Li intercalation source to intercalate 
MoS2 and WS2 at a temperature around 100 °C for 72 h, followed by an ultrasonication 
process after washing. It is demonstrated that this method can produce of MoS2 and 
WS2 with a few layers.[31] 
Electrochemical Li-intercalation and exfoliation method reported by Zeng et al. can 
also produce various metal dichalcogenide (e.g. MoS2, WS2, TiS2, TaS2, ZrS2, NbSe2, 
WSe2, Sb2Se3, and Bi2Te3), BN and graphene nanosheets.[45] The layered bulk crystal 
is used as a cathode while a lithium foil is used as an anode in a setup similar to a 
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lithium ion battery. After a discharge process (lithium intercalation), the Li-intercalated 
compound (e.g. LixMoS2, where x is the number of Li atoms in LixMoS2) is sonicated 
in water or ethanol. It is proposed that the reaction between lithium and water (or 
ethanol) generates H2 gas, which pushes the adjacent MoS2 layers further apart. Well-
dispersed nanosheets can be finally obtained under sonication.[45] 
Although chemical exfoliation can produce larger quantity of 2D materials when it is 
compared with other methods, the contamination of the 2D materials remains the 
biggest issue. Furthermore, the quality or crystallinity of the 2D material sheets 
produced from such methods have caused many concerns.[46] 
Chemical vapour deposition (CVD) method 
The chemical vapour deposition (CVD) method is able to produce high-quality MoS2 
films with large size, controllable thickness and excellent electronic properties. In 
addition, large-area and high quality MoS2 films are desirable and compatible with the 
current nano- and microelectronic fabrication processes. In a CVD process, MoO3 and 
sulfur powders are typical starting materials used for the growth of MoS2 films on a 
different substrate which promotes the growth of MoS2 layer. When the starting 
materials are heated, volatile suboxide MoO3-x reacts with sulfur vapour producing 
MoS2 layers deposition on the substrate. It is reported that continuous films of MoS2, 
containing single- to few-layers, with a width of up to 2 mm can be produced. Lin et al. 
reported the deposition of MoS2 on wafer scale based on the same chemical reaction, 
but the MoS2 layers were obtained after direct sulfurization of a layer of pre-deposited 
MoO3 on insulating substrates.[47] Besides the combination of MoO3 and sulfur 
powders as starting materials, pre-deposited Mo film can also be used to react with 
sulfur vapour for producing MoS2 film. 
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Alternatively, the thermal decomposition of (NH4)2MoS4 can also be used as Mo source 
in the CVD process and the substance can be coated on various insulating substrates. 
In the presence of sulphur vapour, the pre-coated substrate can also yield large-area 
MoS2 thin layers.[48] The MoS2 layers prepared by this CVD method show good 
electronic property. 
Besides the CVD growth of MoS2 on insulating substrates, the van der Waals epitaxial 
growth of MoS2 on graphene has been recently demonstrated.[49] After the adsorption 
of (NH4)2MoS4 vapour on graphene and its decomposition under elevated temperature, 
the direct formation of the graphene/MoS2 hybrid films can be achieved. This 
heterostructure may have some new applications due to the highly conductive and 
transparent graphene electrode and the active MoS2 as catalyst. 
Despite initial reports showing promising results,[35] the production of large size and 
high purity single- or few-layers TMDs by using CVD method still remains a challenge. 
The high cost related to the required equipment and the complex process hinder its wide 
adoption in industry as well. 
Hydrothermal and Solvothermal methods 
The hydrothermal method has been widely used for the synthesis of a variety of 
nanomaterials with different sizes and shapes for decades. The hydrothermal process 
uses water as the reaction medium in sealed pressure vessels with inert material (such 
as Teflon) liners, which are then heated to a designed temperature usually higher than 
100 °C to promote the reactions.[31] This method has some unique advantages over 
other methods, such as fast reaction kinetics, short processing times, phase purity, high 
crystallinity, and low cost. Since water is the reaction medium, many inorganic salts 
containing the source of the metal ions can be well dissolved, and it is also possible to 
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introduce small coordinating molecules (such as ethylenediamine, hydrazine hydrate, 
ethylenediamine tetraacetic acid and polyvinylpyrrolidone)[50] to adjust the growth of 
the final nanomaterials. The hydrothermal method has achieved great success in the 
preparation of many nanostructures of different materials. 
Differences of the solvents’ properties, such as polarity, viscosity, and softness, have 
strong effects on the solubility and transport behaviour of the precursors in liquid-based 
synthesis. Different organic solvents can often be used as reaction media instead of 
water, which can give different reactivity, shapes, sizes, and phases of the final samples. 
This method is known as the solvothermal method. 
 
1.3.2. Applications for 2D Nanomaterials 
Electronic devices 
Graphene-based electronic devices have been intensively investigated due to their 
exceptional electrical and optical properties. However, in order to compete with silicon 
in the current digital logic devices, material with a current on/off ratio between 1 × 104 
and 1 × 107, and a bandgap of at least 400 meV is required.[11] However, large-area 
pristine graphene is a semi-metal and does not have a bandgap, which is a property 
essential for applications in many electronic devices. As a result, logic circuit with 
channels made of graphene cannot be switched off and therefore are not suitable for 
logic applications. Researchers have made great effort in creating bandgap on graphene 
based materials. One promising approach is to tailor graphene into certain shape such 
as nanoribbon, experiment shows bandgap can be created for graphene nanoribbon with 
width down to about 1 nm and well-defined edges. Although there are some approaches 
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designed to produce such graphene nanoribbons, production of such graphene still 
remains a challenge to the researchers. [51-53] 
In comparison to the zero bandgap graphene, bulk MoS2 is semiconductive with an 
indirect bandgap of 1.2 eV, and single-layer MoS2 is a direct gap semiconductor with a 
bandgap of 1.8 eV.[54] B. Radisavljevic et al. have demonstrated that single-layer 
MoS2 prepared by scotch tape exfoliation method shows a room temperature carrier 
mobility of over 200 cm2 V-1 s-1, and a large on/off ratio of 1 × 108 along with ultra-low 
standby power dissipation.[55] Other reports also suggest MoS2 as a promising material 
for transistors.[56] 
Lithium ion batteries 
Lithium ion battery is the most widely used and considered as one of the most promising 
energy storage systems, because of its high voltage and high energy density with a 
theoretical value of up to 400 Wh kg-1.[57] Within many candidate materials available, 
graphite is the most widely used insertion type materials for LIBs which dominants the 
commercial market of anode material for LIBs. Studies have shown that graphene, the 
2D form of graphite, can exhibit a high discharge capacity up to ~900 mAh g-1.[12] 
Furthermore, when composite with other electrochemical active materials, graphene 
can provide fast conductive paths, enlarge effective surface area, and improve the 
cycling stability of the electrodes in LIBs. Taking another material MoS2 as an example, 
it was reported that the bulk MoS2 has a high initial discharge capacity over 800 mAh 
g-1, but decreases rapidly during further cycles. In comparison, 2D MoS2 material 
prepared by chemical lithiation and exfoliation exhibits much higher cycling stability 
and retains 750mAh g-1 after 50 cycles.[58] The report also propose that the 2D MoS2 
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nanosheets have a larger space between the layers, which facilitate the lithium 
intercalation and extraction. 
Supercapacitors 
Supercapacitors are another type of energy storage devices that can generally provide 
higher power in shorter time frame and longer cycling stability when compared to 
batteries. Supercapacitors can be classified into two groups: one is the electrical double 
layer capacitor (EDLC), which stores energy through the charge accumulation at the 
electrode–electrolyte interface via polarization; the other type is the pseudo capacitor, 
which functions based on the rapid redox reaction. The MoS2 nanosheet possesses a 
large specific surface area and interlayer space for the ion intercalation, and has a wide 
range of oxidation states from Mo2+ to Mo6+ in the redox reaction.[59] Therefore, it can 
act as a combined double-layer and pseudo-capacitor. CVD-grown MoS2 thin film with 
a high density of nanowalls (up to 100 nm in thickness) used as an electrode for the 
supercapacitor can provide both the double-layer and faradaic capacitance, and is able 
to function at alternating current frequencies up to 100 Hz.[60] Since the thickness of 
MoS2 nanowalls is up to 100 nm, it is anticipated that decreasing the thickness of the 
nanowall to a few or single-layer would enlarge the specific surface area of the electrode 
material, and thus provide larger capacitance. 
Nanofluidic device 
The traditional microfluidic research has been brought to a new level by the 
development of nanomaterials. The microfluidic research has entered a new area with 
no more than two decades itself.[61] The most significant difference of micro- and 
nanofluidic device is that they are able to work on and control minute amounts of liquid 
in a precise way, and their large surface-to-volume ratio. When it comes to nanometre 
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scale, the fluidic phenomenon reaches a size comparable to a large molecules and 
electric double layer which further enables the possibilities to interact or even control 
the molecules and ions at the nanosize level. Many micro- and nanofluidic device are 
based on silicon wafer, since it is easy to control and integrate with traditional 
lithographic technology.[62, 63] Not until recently that researchers have found that 
water can past through between the “gap” in graphene,[64] which subsequently lead to 
a finding that nanofluidic phenomenon exists in the slit created by 2D materials. In 
contrast to traditional fabrication method of the nanofluidic device which can only 
provide one to a limited number of channels on a chip, 2D material nanofluidic device 
can provide a large number of channels in a cost-efficient way. Raidongia et al. reported 
nanofluidic ion transport through graphene oxide membrane,[65] and confirmed that 
ions transport in the membrane show a surface-charge-govern conductivity. Miansari 
et al. reported an abnormal phenomenon showing a rectifying effect when ions pass 
through graphene oxide channels. Shao et al. reported that nanofluidic phenomenon and 
proton transport on clay based 2D material, which shows that the nanofluidic channels 
may exit on other 2D materials, and this opens up a new area for 2D nanofluidic device 
where that channel size and channel properties can be purposely design and even finely 
tuned, by incorporate different 2D materials and further chemical modification. 
However, commonly used GO membranes are nearly impermeable to water in highly 
acidic or basic conditions (pH<2 or >11),[66] and they are thermally unstable and 
thermal deoxygenation can happen at temperature as low as 150 °C.[67, 68] The fact 
that GO membranes cannot work in many demanding environment greatly limits the 
application of GO membrane. Nano-clays are also convenient materials to build 2D 
nanofluidic membranes.[69] However, long-term stability of the membranes remains 
unclear, and prolonged treatment in high acidic media might as well result in the 
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dissolution of such compounds or distortion of their structure. In this thesis, BN is used 
as another approach to solve these problem. BN is thermally and chemically stable. 
More importantly, it is inert in acidic and basic solutions. Thus, BN membranes 
constructed on BN nanosheets would be a tenable replacement of GO or clays 
membranes to fabricate nanofluidic devices. 
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Chapter 2.  Methodology and Analysing Techniques 
This thesis work consists of two main part. First part is synthesis and characterization 
of the 2D nanomaterials. The methods previously reported for the preparation of 2D 
nanomaterial have their own limitations. The chemical and mechanical exfoliation 
methods highly rely on the original bulk materials, and have poor control over the 
thickness and shape of the obtained 2D nanomaterials. They are also limited by their 
production capacity, and furthermore, the exfoliation process could introduce 
contaminations into the product which might affect its purity and properties, thus hinder 
its applications in areas that demand clean sheets. CVD is a desirable method for 
producing high quality nanosheets but in a very limited amount, and it may also involve 
hazardous gas such as H2S, and expensive instruments.[35] New synthesis method that 
can produce high quality nanosheets is crucial for this project and also beneficial to the 
field. In this thesis work, we aim at developing methods which are simple, straight-
forward and easy to scale-up, requiring only simple instrument setup, relatively 
inexpensive chemicals, and are less dependence on post-synthesis purification or 
treatment. Characterization of the synthesized materials is essential for us to investigate 
the properties of the material. A range of analysing techniques have been used to 
understand the material’s structural, physical, optical and electrochemical properties, 
and these information can again help to improve and adjust the synthesis method. The 
second part of the thesis is the application of the synthesized materials, especially in 
energy storage devices including lithium ion batteries and nanofluidic energy 
conversion. 
The synthesis and analysing techniques used in this thesis are introduced below. 
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2.1 Synthesis and preparation methods 
2.1.1 Synthesis of indium oxide nanoparticles 
Indium nitrate hydrate (In(NO3)3, 99.99%) was used as starting material. In a typical 
synthesis process, about 1 g of In(NO3)3 was dissolved in 10 mL ethanol. The solution 
was placed into a quartz boat and heated in a tube furnace to dry the solution rapidly, 
the sample was further heated in air to 600 °C for 1 h at a ramping rate of 10 °C min-1. 
The yellow-colour In2O3 in a powder form can be collected after the furnace cooled 
down naturally. 
2.1.2 Preparation of 3D graphene architecture 
Graphene oxide (GO) used in this work was prepared by following a modified 
Hummer’s method. In brief, graphite powder was first oxidized by NaNO3 and KMnO4 
in concentrated H2SO4, then the temperature of the solution was raised to above 90 °C. 
After dilution and cooling down, hydrogen peroxide was used to reduce the excessive 
MnO4– in the solution. The product was purified by high speed centrifugation and 
subjected to ultrasonication to form a stable aqueous GO dispersion. 
 
Figure 2.1. Fabricated graphene 3D architecture. 
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The three dimensional (3D) architecture was fabricated by adding l-ascorbic (L-AA) 
acid to the above solution (L-AA about 8~10 mg mL-1) and raising the temperature to 
80 °C for 2 h.[70] During this process, the graphene oxide was reduced to graphene 
forming an interconnected 3D structure by self-assembling while the In2O3 NPs were 
in-situ embedded into the architecture. The 3D architecture samples were washed and 
freeze dried. 
2.1.3 Direct sol-gel method for the synthesis of molybdenum disulfide nanosheets 
The sol-gel method is one kind of method which has been widely used for producing 
particles, especially nanoparticles in the recent decade. In this project, a newly designed 
sol-gel method will be used to produce 2D nanosheets. In the typical sol-gel process, 
starting materials are mixed in solvent which gradually evolves towards the formation 
of a gel-like mixture. The gel-like material, which is usually called as precursor, is 
attained after the removal of the solvent. The precursor is often treated under an 
annealing process to produce the final product. The sol-gel method is a simple and cost-
efficiency method. Being a wet-chemical process means that it is controllable, the 
structure and morphology of the final product can vary by simply tuning the parameters 
such like the ratio of the starting material, solvent and the drying rate. These advantages 
of the sol-gel method make it a suitable approach for synthesis of the 2D nanosheets in 
this project.  
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Figure 2.2. Typical SEM image of the synthesised MoS2 nanosheets. 
MoS2 nanosheets were synthesised using an adapted sol-gel method. In a typical 
process, about 0.5 g molybdenum chloride (MoCl5, Aldrich, 99%) and different molar 
ratio of (1:6, 1:12 and 1:24) thiourea ((NH2)2CS, Alfa-Aesar, 99%), are first mixed in 
a glass vial. The mixture were dissolved in excessive ethanol in a fume hood by adding 
ethanol slowly into the vial under stirring, creating a brown solution. The brown gel-
like precursor powders were formed after drying and transferred into a quartz boat and 
heated in a tube furnace for 3 h under 0.1 L min-1 argon flow at different temperatures, 
at 350 °C, 550 °C, 650 °C, 850 °C and 1150 °C. 
2.1.4 Ball-milling method for the preparation of BN nanosheets 
In this work, BN nanosheets were exfoliated from bulk BN crystal using a ball-milling 
method. Typically, h-BN (Momentive Performance Materials Inc.) and urea (Sigma-
Aldrich) with weight ratio 1:60 were mixed together inside a steel milling container 
using a planetary ball mill (Pulverisette 7, Fritsch) at a rotation speed of 700 rpm for 20 
h at room temperature under nitrogen atmosphere. The high rotation speed can provide 
high power and effective exfoliation of h-BN on a large scale. The urea not only assists 
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the exfoliation, but also can protect the BN from excessive mechanical damage, 
preventing serious lattice defect formation. The variations in weight ratio (1:20 and 
1:100) and milling time (10 h and 30 h) were also investigated. The size and thickness 
of the multi-layer BN were reduced at lower h-BN : urea weight ratio or longer milling 
time. In this study, the weight ratio of h-BN : urea and milling time were fixed at 1:60 
and 20 h, correspondingly, to get BN sheets with suitable size and thickness for the 
subsequent preparation of aerogel and membrane. After ball milling, the obtained 
powders were dissolved in water. The resulting multi-layer BN aqueous dispersion was 
dialyzed for 1 week (membrane cutoff: 14000 kDa) in deionized water to remove the 
urea. Stable aqueous dispersions were then obtained after dialysis. The BN membrane 
can be readily fabricated by vacuum filtration of stable multi-layer BN in a water 
suspension through an Anodisc membrane filter (47 mm diameter, 0.02 μm pore size, 
Whatman), followed by air drying and peeling off from the filter. 
 
Figure 2.3. A typical BN membrane peeled from the filter after dry. 
2.2 Characterization methods 
X-ray Diffraction 
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X-ray diffraction (XRD) is used to determine the chemical composition, crystal 
structure, crystallographic orientation, crystallite size and it is a non-destructive 
technique. The XRD measurement was taken with the help of PANalytical X’Pert Pro  
and X’Pert Powder instrument using CuKα radiation source (λ= 1.54181 Å) and it is 
operated at 40 kV and 30mA current. The typical scan rate and step angle used for 
measuring the sample was 2 sec/step and 0.02°, measured over a range of 10–90 degree. 
The X’Pert data collector software was used to analyse and retrieve the recorded data. 
 
Figure 2.4. XRD Experiment setup in a Panalytical X'pert Powder. 
Scanning electron microscopy 
Scanning electron microscopy (SEM) is used to study the morphology of nanomaterials. 
Surface topography is obtained from the ejected secondary electrons. Surface 
morphology will be taken using Zeiss Supra 55Vp FE-SEM operating an accelerating 
voltage of 8 kV to avoid charging effect and minimise the penetration of the beam. 
Transmission Electron Microscope 
Transmission electron microscopy (TEM) is used to study the nanostructure of 
materials and observe the crystallographic information such as crystal structure, 
composition, and crystal phases. A beam of electrons of high energy is projected and 
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transmitted through a material and it interacts with the materials as it passes through. 
The transmitted electrons after interactions with the sample are analysed and different 
type of image can be obtained and analysed for different purposes. TEM image will be 
taken with the help of JEOL JEM 2100 operating at 200 kV. The samples will be 
prepared by dispersing small amount of sample in ethanol and dropped over the holey 
carbon coated copper TEM grid. 
 
Figure 2.5. A photo of JEOL JEM 2100 used in this thesis work 
Nitrogen Adsorption and Desorption Isotherm 
Surface area and pore structure of nanomaterials are measured with the help of Tristar 
3000 Micrometrics using Brunauer-Emmett-Teller/Barrett-Joyner-Halenda (BET/BJH) 
method within the pressure range of 0.05–0.995 P/Po. The samples are loaded into the 
quartz tube and de-gassed using N2 gas at 200 °C to remove air and hydrocarbon 
absorbed on the sample surface. The surface area is measured by low temperature 
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nitrogen absorption and calculated from the adsorption isotherm using 5 point BET 
method, and the pore distribution and volume can be evaluate using BJH method. 
Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is a technique of thermal analysis in which changes 
in weight of materials are measured as a function of increasing temperature, usually 
with constant heating rate in this study. Typical experiment was carried out using 
thermogravimetric analysis (TGA) on Netzsch STA 409 PC/PG thermal analyser, or a 
TA instrument Q50 TGA thermal analyser, at a heating rate of 10 K min−1 from room 
temperature to 1000 °C in argon or air gas flow. 
 
Figure 2.6. A photo of TA instrument Q50 TGA thermal analyser. 
Atomic Force Microscopy 
Atomic force microscopy is a technique to analyse surface profile in which a sharp tip 
is dragged over the sample surface. The movement of the tip is recorded to create a 3-
dimensional image of the surface topography. In this thesis work, the atomic force 
microscopy (AFM) measurements were performed on a Cypher atomic force 
microscope. Samples were ultrasonicated and dispersed in water, and the dispersion 
were dropped on mica substrate for AFM analysis. 
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Figure 2.7. Cypher atomic force microscope used in this thesis work. 
 
Assemble and testing method for LIBs 
The electrochemical properties of the product in LIB were tested in 2032 type coin cells 
assembled in an argon-filled glovebox. Schematic for assembling the coin cell is shown 
in Figure 2.8. Active material, conductivity agent (Super P carbon black, Timcal) and 
polyvinylidine difluoride binder (PVDF, Aldrich) were mixed with a weight ratio of 
80:10:10 in N-Methylpyrrolidone (NMP, Aldrich) solvent to produce a slurry. The 
working electrodes were prepared by coating the slurry onto copper foil current 
collector and then dried in a vacuum oven to completely remove the solvent and water. 
Lithium foil was used as the counter and reference electrode, and 1M LiPF6 in 1:1 v/v 
ethylene carbonate (EC) and diethyl carbonate (DEC) was used as electrolyte. 
Galvanostatic tests were carried out on Land CT2001A battery testing system and the 
working electrodes were cycled between 3 V and 0.01 V vs. Li+/Li. Electrochemical 
impedance spectroscopy (EIS) was acquired with a Solartron 1470E potentiostat and 
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1255B frequency response analyser setup at open circuit potential (OCP) with a 
polarization potential of 10 mV in a frequency range of 10 kHz – 10-2 Hz. Before each 
EIS test, the cell was allowed to settle for 3 h after fully charged until it reached a stable 
OCP. 
 
Figure 2.8. Coin cell components and their order of assembly. 
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Chapter 3.  Indium Oxide Nanoparticles and the Embedded 
Graphene Three-dimensional Architecture for Enhanced 
Lithium-ion Storage 
Graphene, as the most well-known and the archetype among the 2D nanomaterials, is 
described as a rising star on the horizon of materials science,[17] and has attracted 
tremendous attention in the past decade. As a single layer of carbon atoms arranged in 
a honey comb lattice, large piece of graphene is fundamentally a zero band-gap 
conductor. It comes naturally that people consider it to be a very promising candidate 
to replace graphite, which can be seen as a bulk form of stacked graphene. In the 
meantime, the highly flexibility of the graphene opens up opportunities for composites 
as it can provide a continuous conductive network and a buffer architecture to 
accommodate volume expansion in the electrode materials.  
In this chapter, we demonstrate the research in the synthesis of a three-dimensional (3D) 
graphene architecture embedded with indium oxide (In2O3) nanoparticles. In2O3 as an 
anode material in lithium-ion battery suffers from serious capacity degradation over 
cycles due to its huge volume expansion. With a 3D graphene architecture, the 
composite shows a stable charge and discharge capacity and a much enhanced rate 
capability. 
This chapter includes the synthesis of In2O3 nanoparticles and their electrochemical 
properties, which have been published in Materials Letters. 2013; 91: 5, and the 
preparation of the 3D graphene architecture embedded with In2O3 nanoparticles and the 
enhanced lithium-ion storage performance has been published in Journal of Material 
Chemistry A. 2015; 3(35): 18238. Copies of the publications are attached below.  
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3.1 Synthesis of indium oxide nanoparticles and their electrochemical 
properties 
The results of Chapter 3 section 3.1 have been published as: 
Qin S, Lei W, Liu D, Lamb P, Chen Y. Synthesis of single-crystal nanoparticles of 
indium oxide by “urea glass” method and their electrochemical properties. Materials 
Letters. 2013; 91: 5 
(Reproduced with permission from Elsevier) 
The paper is attached as followed. 
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3.2 Synthesis of an indium oxide nanoparticle embedded graphene 
three-dimensional architecture for enhanced lithium-ion storage 
The results of Chapter 3 section 3.2 have been published as: 
Qin S, Liu D, Lei W, Chen Y. Synthesis of an indium oxide nanoparticle embedded 
graphene three-dimensional architecture for enhanced lithium-ion storage. Journal of 
Material Chemistry A. 2015; 3(35): 18238 
(Reproduced with permission from The Royal Society of Chemistry) 
The paper is attached as followed. 
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Supplementary Information 
Synthesis of Indium Oxide Nanoparticles Embedded Graphene Three 
Dimensional Architecture for Enhanced Lithium-Ion Storage 
Si Qin, Dan Liu, Weiwei Lei,* and Ying Chen* 
Institute for Frontier Materials, Deakin University, 
75 Pigdons Rd, Waurn Ponds, Victoria 3216, Australia 
E-mail: weiwei.lei@deakin.edu.au, ian.chen@deakin.edu.au 
 
 
 
 
Fig. S1 Schematic of the fabrication procedure and photos of products at different step 
including In(NO3)3 in ethanol, In2O3 NPs/graphene oxide solution and In2O3/graphene 
3D architecture after reduction and self-assembly. 
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Fig. S2 Thermogravimetric analysis results showing weight loss of the In2O3/graphene 
3D architecture when heated in air flow from room temperature to 800 °C. 
 
 
 
Fig. S3 SEM image of the In2O3/graphene 3D architecture showing the dispersion of 
In2O3 nanoparticles. 
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Fig. S4 (a) SEM image of a piece of In2O3/carbon black, and elemental energy-
dispersive X-ray (EDX) maps of (b) carbon, (c) indium and (d) oxygen, respectively. 
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Fig. S5 CV curves of the first three cycles of (a) pure In2O3 NPs, (b) In2O3/carbon black 
composite, and (c) In2O3/graphene at a voltage range of 0.01 to 3.0 V and scan rate of 
0.1 mV s-1. 
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Fig. S6 TEM images showing In2O3/graphene 3D architecture after 30 cycles. 
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Chapter 4.  N-doped Mesoporous Molybdenum Disulfide 
Nanosheets for High-Performance Lithium Battery Anodes 
While being very different from the zero bandgap graphene, single-layer molybdenum 
disulfide (MoS2) has a direct bandgap (1.9 eV),[54] with a mobility in the range of 1–
500 cm2 V–1s–1.[54, 71] Large area MoS2 can be grown by using techniques such as 
CVD,[72] which further make MoS2 a suitable candidate for practical electronic device 
applications, such as thin film logic circuits and amplifiers with high gain.[55, 73] The 
unique properties of MoS2 including thermal stability and chemical stability also enable 
its application in a wide range of devices such as catalysis,[21-23] sensors,[74] and 
solid lubricants.[75] 
Moreover, MoS2 shows a promising performance as anode materials in lithium ion 
batteries (LIBs),[25, 26, 33, 76, 77] due to the layered structure, low electrical 
resistivity, as well as the high stability of MoS2 nanosheets. These properties make 
MoS2 a promising electrode material for LIBs. 
In this chapter, the development and study of a new synthesis method for MoS2 is 
described in section 4.1. The sol-gel method developed can be used to prepare MoS2 
nanosheets with a porous structure and high concentration of nitrogen doping with a 
range from ca. 5.8 to 7.6 at%. In section 4.2, the lithium storage performance of the N-
doped MoS2 nanosheets is presented and discussed. The nitrogen doping shows a 
positive effect on the lithium storage performance. The N-doped MoS2 shows a 
discharge capacity of 998.0 mAh g−1 at 50 mA g−1 after 100 cycles, and 610 mAh g−1 
at a rate of 2 A g−1. These results have been published in the two publications attached 
below.  
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4.1 Synthesis and in-situ and tunable nitrogen-doping of molybdenum 
disulfide nanosheets 
The results of Chapter 4 section 4.1 have been published as: 
Qin S, Lei W, Liu D, Chen Y. In-situ and tunable nitrogen-doping of MoS2 nanosheets. 
Scientific Reports. 2014; 4: 7582 
(Reproduced with permission of Nature Publishing Group) 
The paper is attached as followed. 
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Supplementary Information 
In-situ and tunable nitrogen-doping of MoS2 nanosheets  
 
Si Qin, Weiwei Lei*, Dan Liu and Ying Chen* 
Institute for Frontier Materials, Deakin University, Waurn Ponds, Victoria 3216, 
Australia 
E-mail: weiwei.lei@deakin.edu.au, ian.chen@deakin.edu.au 
 
 
Supplementary Figure S1 (a) UV-vis spectra of Bulk MoS2, MS1-6, MS1-12 and 
MS1-24 nanosheets dispersed in water; (b) UV-vis spectra in wavelength range 400-
750 nm.  
(a) 
(b) 
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4.2 N-doped mesoporous molybdenum disulfide nanosheets and the 
enhanced lithium-ion storage performance 
The results of Chapter 4 section 4.2 have been published as: 
Qin S, Lei W, Liu D, Chen Y. Advanced N-doped mesoporous molybdenum disulfide 
nanosheets and the enhanced lithium-ion storage performance. Journal of Material 
Chemistry A. 2016; 4(4): 1440. 
(Reproduced with permission of The Royal Society of Chemistry) 
The paper is attached as followed. 
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Supplementary Information 
Advanced N-doped Mesoporous Molybdenum Disulfide Nanosheets 
and the Enhanced Lithium-Ion Storage Performance  
Si Qin, Weiwei Lei*, Dan Liu, and Ying Chen* 
Institute for Frontier Materials, Deakin University, 75 Pigdons Rd, Waurn Ponds, 
Victoria 3216, Australia 
E-mail: weiwei.lei@deakin.edu.au, ian.chen@deakin.edu.au 
 
Experimental Section 
Synthesis: About 0.5 g molybdenum chloride (MoCl5, Aldrich, 99%) and 1.67 g 
thiourea ((NH2)2CS, Alfa-Aesar, 99%), equivalent to a molar ratio of 1:12, were first 
dissolved in ethanol forming a brownish red solution under stirring. The solution was 
allowed to dry in a fume hood under intensive stirring resulting in a brown powder, the 
process usually takes around 2 days. The powders were collected and placed in a quartz 
boat and heated in a tube furnace at 600 °C for three hours with a ramp rate of 10 °C 
min−1 under a 0.1 L min−1 argon flow. The product was collected after the furnace 
cooled down naturally. For comparison purpose, non-doped MoS2 nanosheets were 
prepared by exfoliation of bulk MoS2 following a method reported elsewhere.[1] 
Characterization: X-ray diffraction (XRD) analysis was performed with a Panalytical 
X’Pert Pro using Cu Kα radiation source with 2θ range of 10-80° and a step size of 
0.02°. The thermal behaviour of the precursor was analysed using thermogravimetric 
analysis (TGA) on a Netzsch STA 409 PC/PG thermal analyser at a heating rate of 10 
K min−1 from room temperature to 1000 °C in argon gas flow. Scanning electron 
microscopy (SEM) was conducted using a Carl Zeiss Supra. The atomic force 
microscopy (AFM) measurements were performed on a Cypher atomic force 
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microscope. Samples were ultrasonicated and dispersed in water, and the dispersion 
were dropped on mica substrate for AFM analysis. Transmission electron microscopy 
(TEM) images, Energy filtered TEM (EFTEM) and energy-dispersive X-ray 
spectroscopy (EDS) element mapping were taken on a JEOL JEM-2100 at an 
acceleration voltage of 200 kV. Nitrogen adsorption and desorption isotherm was 
obtained using a Tristar 3000 apparatus at 77K. X-ray photoelectron spectra (XPS) were 
acquired on a Kratos AXIS Nova with Al Kα X-ray source. Raman spectra were 
obtained under ambient conditions on a Renishaw inVia confocal Raman microscope 
using 514.5 nm laser line from an Ar ion laser. To avoid heating and damaging of the 
sample, the power of the laser radiation was always kept below 1 mW. The Si Raman 
band at 520 cm−1 was used as an internal frequency calibration reference. To compare 
the conductivity, sample were prepared as films. Samples were first dispersed in N-
Methyl-2-pyrrolidone (NMP) by ultrasonication. The dispersion were filtrated through 
a 0.2 μm filter membrane and dried overnight in a vacuum oven. The thickness of the 
films can be measured by SEM analysis of the cross section. The films were cut into 
square shape and two electrodes were prepared by sputtering silver on the sides. The 
conductivity can be deduced from the IV curve of the film. Each test were repeated on 
three different film prepared separately to make sure the results are repeatable. 
Electrochemical measurements: Coin-type cells were assembled in an argon-filled 
glove-box, with both moisture and oxygen levels less than 1 ppm. Active material (N-
MoS2 nanosheets), conductivity agent (Super P carbon black, Timcal) and 
polyvinylidine difluoride binder (PVDF, Aldrich) were mixed with a weight ratio of 
80:10:10 in N-Methylpyrrolidone (NMP, Aldrich) solvent to produce a slurry. The 
working electrodes were prepared by coating the slurry onto copper foil current 
collector and then dried in a vacuum oven to completely remove the solvent and water. 
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Electrodes with MoS2 particles as active material were prepared by the same procedure 
described above. Lithium foil was used as the counter and reference electrode, and 1M 
LiPF6 in 1:1 v/v ethylene carbonate (EC) and diethyl carbonate (DEC) was used as 
electrolyte. Galvanostatic tests were carried out on Land CT2001A battery testing 
system and the working electrodes were cycled between 3 V and 0.01 V vs. Li+/Li. 
Electrochemical impedance spectroscopy (EIS) was acquired with a Solartron 1470E 
potentiostat and 1255B frequency response analyser setup with a polarization potential 
of 10 mV in a frequency range of 10 kHz – 10-2 Hz. EIS measurements were carried 
out after 10 cycles. 
 
 
 
Figure S1 TGA curve of the precursor 
 
TGA results (Figure S1) from the precursor can be divided into four parts. The first 
stage of the weight lost started almost right after the heating started. The TGA curve 
shows a steep weight lost cliff from the start to 130 °C, which can be attributed to the 
evaporation of the remaining ethanol and water in the sample. The second stage is 
where the starting materials begin to melt and decompose. Thiourea decomposes at a 
temperature range from 187 to 246 °C giving out various gases including NH3, HNCS, 
CS2 according to literature, leading to a ~80% of weight lost.2 The gases released by 
thiourea decomposition create gas bubbles and agitate the reaction medium. The 
gas/liquid interface could also provide a site for the formation of MoS2. The nitrogen 
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containing gases are essential for the subsequent formation of N-doped MoS2. The third 
stage shows a gentle slope from 350 °C and goes up to 620 °C. This stage is crucial to 
the formation and crystallization of MoS2, as it has been reported sample synthesised 
at 350 °C has a disordered or amorphous structure, which suggests low temperature 
annealing is not suitable for the growth of MoS2.3 There is almost no weight lost after 
620 °C. There is almost no weight lost after 620°C. Therefore, the TGA result suggest 
that the MoS2 nanosheets were formed during 350°C-620 °C, and N was doped 
simultaneously due to the NH3 and HNCS gases releasing. 
 
 
 
Figure S2 (a) Nitrogen adsorption/desorption isotherm of the product. (b) Barrett-
Joyner-Halenda (BJH) pore size distribution of the product calculated from the nitrogen 
desorption result. 
 
 
Figure S3 (a) XPS spectra of the Mo 3d region (b) XPS spectra of the S 2p region. 
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Figure S4 Raman spectra of bulk MoS2, and N-doped MoS2 nanosheets, acquired using 
514.5 nm laser line. 
 
 
 
 
Figure S5 Cycling voltammetry (CV) curves of the N-MoS2 nanosheets and non-
doped MoS2 nanosheets of the first two cycles, scan rate 0.1 mV s–1. 
 
 
(a) (b) 
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Figure S6 Nyquist plots of the electrochemical impedance spectrum of the N-MoS2 
nanosheets and non-doped MoS2 nanosheets, inset showing the high frequency area of 
the plot and the equivalent circuit used for fitting. 
 
The two compressed semicircles in Nyquist plots can be assigned to the 
electrode/electrolyte interface resistance (Rf) and capacitance (CPE1), and charge 
transfer resistance (Rct) and the double layer capacitance (CPE2), respectively. The 
inclined line in the low frequency region is assigned to the Warburg impedance (Wo) 
representing Li+ ion diffusion in electrode material. 
 
The diffusion coefficient of lithium ions could be calculated from the low frequency 
range according to the following equation:[2] 
D= R2T2/2A2n4F4C2σ2 
where R is the gas constant, T is the absolute temperature, A is the surface area of the 
cathode, n is the number of electrons per molecule during oxidization, F is the Faraday 
constant, C is the lithium ion concentration in electrode material, and σ is the Warburg 
factor which is relative with Z'. 
Z'=RD+RL+ σω1/2 
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Figure S7 SEM image of typical MoS2 particles. 
 
      
Figure S8 (a) SEM and (b) TEM images of typical non-doped MoS2 nanosheets. 
 
 
 
Figure S9 TEM images showing typical interconnected and aggregated N-MoS2 
nanosheets and the porous structure, the marked areas are spaces encircled by several 
nanosheets. 
(a) (b) 
67 
 
 
 
   
       
Figure S10 Energy filtered TEM (EFTEM) element map showing distribution of (a) 
bright field TEM image, (b) combined element map, (c) Li, (d) Mo, (e) N and (f) S in 
N-MoS2 electrode discharged to ~1.0 V after three cycles. 
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Chapter 5.  Nanofluidic Ion Conduits in Boron Nitride 
Nanosheet Membrane with High Thermal Stability and pH 
Resistance 
 
5.1 Introduction 
Two-dimensional boron nitride (BN) nanosheets, the “white graphene”, consist of 
boron and nitrogen atoms in a hexagonal plane arrangement replicating a honeycomb 
structure. Their properties, such as a wide band gap, thermal and chemical stability 
favourably differentiate them from graphene in applications when low electronic 
conductivity and/or enhanced environmental stability is required. However, BN 
nanosheet is usually hydrophobic, and thus it is difficult to form a colloidal aqueous 
suspension of BN nanosheets, which is required in many applications. Significant 
efforts have been put into isolating and functionalizing BN nanosheets to achieve better 
dispersion.[78-80] Recently, stable BN nanosheets colloidal suspensions were prepared 
by a one-step exfoliation and functionalization method based on a mechanochemical 
process. [81] The resulting highly water-dispersible few-layer BN further enabled the 
assembly of few-layer BN into free-standing membranes with lamellar microstructure. 
The way ions are transported through nanoscale fluidic channels can be significantly 
different from that in the bulk.[82, 83] When the dimension of the fluidic channels 
decreases towards Debye screening length, the surface charge on the channel walls 
starts to play an important role in the ion transport.[84] More specifically, due to 
electrostatic forces, the charged channel walls attract ions of the opposite charge 
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(counter-ions) while repelling ions of the same charge (co-ions). Thus, with an 
increased concentration of counter-ions and a decreased concentration of co-ions near 
the walls, an ionic electrical double layer forms at the channel surface.[85] 
Consequently, the double layer in the nanofluidic channel could effectively exclude the 
co-ions from the inner space of the channel. Hence, the current/conductance will be 
dominated by ions transport through the channel. A number of reports have 
demonstrated that ionic conductance in nanofluidic channel is governed by surface 
charges at low salt concentrations and can then be enhanced by orders of magnitude 
and become independent of bulk ionic concentration.[65, 84, 86, 87] 
Owing to their unique properties, nanofluidic processes are important in a range of 
applications from electrochemomechanical energy conversion[88, 89] and DNA 
sequencing[90, 91] to chemical waste decontamination and water desalination.[92-94] 
Various approaches, including photolithography,[84, 95] soft templating,[96, 97] and 
use of nanotube channels,[91, 96] have been developed to fabricate nanofluidic 
channels of different shapes. Meanwhile, films and membranes constructed from two-
dimensional (2D) materials such as graphene oxide (GO)[98, 99] or MXene[100, 101] 
attract much interest. 2D nanomaterials dispersed in a solvent can easily be assembled 
into films or membranes by filtration. It was found that 2D capillary channels can form 
in GO membrane when it is hydrated.[64] Each channel formed in the GO membrane 
allows a monolayer of water to pass through without much impedance.[64] In addition, 
outstanding proton conductivity along the surface of GO[102] and a nanofluidic ion 
conductivity behaviour GO films[65] were reported. More recently, nano-clays were 
used to build 2D nanofluidic membranes, even though their structure is more difficult 
to control.[69] The water permeable 2D capillaries formed between closely spaced 2D 
sheets can provide a large number of nanofluidic channels for transporting an 
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electrolyte as well as show selectivity towards ions of different size and charge.[100] 
In contrast with conventional fabrication methods, building nanofluidic conduits by 
using membranes made of 2D materials has advantages in terms of cost, processability 
and feasibility. However, in highly acidic or basic conditions (pH<2 or >11), the GO 
membranes are nearly impermeable to water.[66] In addition, GO films may physically 
disintegrate in water, especially in basic solutions,[99, 103] and their quick 
deoxygenation happens at high pH.[68, 104, 105] Thermal deoxygenation of GO also 
occurs at relatively low temperature.[67, 68] Therefore, extreme pH or elevated 
temperatures can lead to the closing of the ionic channels in GO membranes and 
degrade GO[68] or MXene[106]. BN is chemically stable in acidic and basic solutions 
and BN membranes could be attractive and promising replacement to current 2D 
nanomaterial under harsh conditions, but there have been no reports on use of BN 
nanosheets in nanofluidic applications. 
This chapter reports on high ionic conductivity in the nanofluidic conduits produced by 
BN. The BN membranes were assembled from a stable colloidal solution of BN 
nanosheets prepared by one-step exfoliation and functionalization.[81] Under low salt 
concentration, the ionic conductivity was enhanced by orders of magnitude versus the 
bulk solution. Moreover, the BN conduits can function at temperatures up to 90 °C, and 
in highly acidic or basic solutions due to high chemical resistance and thermal stability 
of BN. 
 
5.2 Experimental 
Preparation of BN nanosheets and BN membranes 
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Few-layer colloidal solution of BN nanosheet was prepared as described in a previous 
report.[81] Briefly, h-BN (Momentive Performance Materials Inc.) and urea (Sigma-
Aldrich) powders with a weight ratio of 1:20 and total weight of 10 g were milled for 
20 h using a planetary ball mill (Pulverisette 7, Fritsch) at a rotation speed of 500 rpm 
at room temperature under nitrogen atmosphere. The milled powders were dispersed in 
water and dialyzed for around 1 week (membrane cutoff: 14000 kDa) in distilled water 
to completely remove residual urea. Stable aqueous dispersions were obtained after 
removing the un-exfoliated BN particles via centrifugation at a low speed (RCF ~500 
× g, 15 min). The white translucent and stable colloidal solution containing few-layer 
BN (Figure 5.1a) shows a highly negative zeta potential at –34±4 mV,[81] due to the 
B–O–H and N–O–H groups generated at the interface between h-BN and water.[81, 
107] The AFM image and the height profile in Figure 5.1b show that most of the BN 
sheets are about 1.5 nm in thickness, corresponding to around 5 atomic layers, and have 
a narrow lateral size in the range of 50–100 nm. 
BN membranes were assembled by vacuum filtration of the BN dispersion through an 
Anodisc membrane filter (25 mm diameter, 0.02 μm pore size, Whatman) similar to 
other 2D materials[64, 99, 108, 109]. The BN membrane can be easily peeled off from 
the filter after drying in air. The obtained thin membranes were white and translucent, 
and could be easily cut into a desired shape and size using a razor blade (Figure 5.1c). 
A typical SEM image of the cross-section of a membrane with a thickness of ~15 μm 
is shown in Figure 5.1d. Because of the high aspect ratio of the few-layer BN 
nanosheets, they stacked in a well-aligned manner forming a lamellar structure, which 
is shown in the inset of Figure 5.1d. 
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Figure 5.1 (a) Colloidal solution of few-layer BN, (b) AFM image of few-layer BN 
nanosheets on a mica substrate, inset showing corresponding height profile along the 
inset blue line showing thicknesses and lateral sizes of the nanosheets (c) a piece of 
free-standing BN membrane with size ~15 mm × 4, (d) cross-section SEM image of a 
BN membrane, inset showing the lamellar structure of the BN membrane constructed 
by few-layer BN sheets. 
Characterization 
Scanning electron microscopy (SEM) analysis was conducted using a Carl Zeiss Supra 
SEM. The atomic force microscopy (AFM) measurements were performed on a Cypher 
atomic force microscope. Samples were ultrasonicated and dispersed in water, and the 
dispersions were dropped on a mica substrate for AFM analysis. The zeta potential of 
the BN colloidal solution was tested using a Malvern Zetasizer. X-ray diffraction (XRD) 
analysis was performed with a Panalytical X’Pert Powder using a Cu Kα (λ= 1.54 Å) 
radiation source. Small-angle X-ray scattering (SAXS) was performed on the 
SAXS/WAXS beamline at the Australian Synchrotron (AS). The Pilatus-1M detector 
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was selected for data collection and the 0.6 m camera length was selected to give a q-
range of 0.05-1.6 Å-1. The X-ray beam, of wavelength λ= 0.62 Å (20 keV) and a size 
of 250 µm horizontal × 150 µm vertical (FWHM), was applied to prevent the damage 
from long-time exposure. The exposure time was 2 s. Empty capillary or cell 
measurements were made and subtracted from the final data. The data were reduced by 
using Scattering Brain developed at AS and the FIT2D software. 
Preparation and conductivity measurement of the nanofluidic devices 
The BN membranes were cut into rectangular pieces using a razor blade. The thickness 
of the membranes was measured by SEM analysis of the cross-section, and the average 
value was obtained from several measurements taken at three different locations. The 
rectangular BN pieces were immersed into a mixture of polydimethylsiloxane (PDMS) 
prepolymer and curing agent, and two reservoirs were carved in the PDMS elastomer 
to expose the two ends of the BN membrane as shown in Figure 5.2. The BN conduits 
device was then immersed in water for several days for fully hydrating the channels. 
Before each test, the device was immersed in various concentrations of electrolytes for 
one day to ensure that the electrolyte had fully filled the nanochannels of the conduit. 
To measure the ionic current, Ag/AgCl electrodes were placed into both reservoirs as 
source and drain. I-V curves of the BN conduits were recorded at various electrolyte 
concentrations from 10–6 M to 1 M using an IviumStat analyser. The ionic conductivity 
(λ) at different electrolyte concentrations across the membrane is calculated from the 
equation λ = G(l/hw), where G is the measured conductance and l, h, and w are the 
length, height, and width of the channel, respectively. Conductivity of the bulk 
solutions was tested using a TPS WP-81 conductivity meter which was calibrated 
before measurement. The ionic conductivity of the BN conduits was tested in different 
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solutions with different pH. Highly purified deionized water (Milli-Q) was used in all 
experiments. 
 
5.3 Results and discussion 
To fabricate nanofluidic conduits, BN membranes of rectangular shape (Figure 5.1c, d) 
were embedded into PDMS elastomer. Two reservoirs were carved into the PDMS to 
expose the two ends of the BN membrane to the electrolyte (Figure 5.2a, b). After 
soaking in deionized water for a few days to ensure full hydration of the BN membrane, 
the BN conduits were immersed in the electrolyte for another day before test. The 
method used to test ion conduction in the BN conduits is schematically explained in 
Figure 5.2a. It is important to mention that the ion transport was measured along the 
slit channels between BN sheets, not across the sheets (Figure 5.2). Representative 
current-voltage (I-V) curves at various salt (NaCl) concentrations in Figure 5.2c show 
linear current response to the voltage signal. The ionic conductivity is plotted as a 
function of NaCl concentration in Figure 5.2d. As expected, the conductivity of the 
bulk NaCl solution without a BN conduit (dashed line) is proportional to the NaCl 
concentration. The ionic conductivity of the BN conduits has two distinct characteristic 
behaviours at the concentrations lower and higher than 0.1 mM. At high NaCl 
concentration (>0.1 mM) range, the ionic conductivity is similar to that of the bulk 
NaCl solution. On the opposite, it deviates significantly from the bulk values in the 
concentration range below ~0.1 mM. The conductivity then gradually reaches a plateau 
at lower concentrations (≤ 0.01 mM) and becomes independent of the bulk ionic 
concentrations. This behaviour indicates a surface-charge-governed ionic conductance 
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at low salt concentrations.[84] Measurements on two different BN conduits show 
consistent and reproducible behaviours (Figure 5.2d). 
 
Figure 5.2 (a) Schematic image of the BN conduit and the testing setup, (b) photo of a 
BN conduit embedded in PDMS, (c) I-V curves obtained at NaCl concentrations of 
0.01, 0.02, 0.05 M, (d) ionic conductivity as a function of the NaCl concentration 
measured on two BN conduit devices and in the bulk solution. 
As different ions may behave differently when passing through a nanofluidic channel, 
ionic conductivity measurements were also carried out with KCl and CaCl2 solutions at 
various concentrations. I-V curves and ionic conductivity are shown in Figure 5.3 as a 
function of electrolyte concentration. The ionic conductivity in both KCl and CaCl2 
electrolytes follows a trend similar to the NaCl electrolyte. At low concentrations (< 
0.1 mM), the BN conduits show a greatly enhanced ionic conductivity, which is largely 
independent of the bulk concentration, thus representing a typical surface-charge 
governed ionic conductivity. 
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Figure 5.3 (a) I-V curves obtained at KCl concentrations of 0.01, 0.05, 0.1 M, (b) ionic 
conductivity as a function of KCl concentration, (c) I-V curves obtain at CaCl2 
concentrations of 0.01, 0.05, 0.1 M, (d) ionic conductivity as a function of CaCl2 
concentration. 
The highly negative zeta potential of the few-layer BN nanosheets suspension indicates 
a negative charge at the interface between BN sheets and the electrolyte.[81] To better 
understand the channels formation in the BN membrane, the arrangement of the BN 
sheets within the membrane were explored using XRD (Figure 5.4a) and SAXS (Figure 
5.4b) measurements on dry and fully hydrated BN membranes. Figure 5.4a shows XRD 
patterns collected from the dry and fully hydrated BN membranes. The diffraction 
peaks at 26.7° and 54.9° originated from (002) and (004) planes can be clearly seen in 
the hydrated BN membrane and are at almost identical positions to those of the dry BN 
membrane, indicating that the intrinsic structure of the few-layer BN sheets largely 
remains unchanged. However, the crystalline ordering of a dry membrane 
(FWHM=1.14º) decreases after hydration (FWHM=1.46º) from Gaussian fitting. The 
broader diffraction peaks in the hydrated sample are attributed to the penetration of 
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water molecules between few-layer BN sheets and therefore a less periodic spacing in 
z-direction.[100] Figure 5.4b contains the one-dimensional (1D) SAXS patterns from 
dry and fully hydrated BN membranes aligned perpendicular and parallel to the incident 
beam. The patterns obtained from the membranes perpendicular to the beam are flat, 
indicating the absence of a distinctive structural order along the lateral direction of the 
membrane, similar to previous report on GO membranes.[110] When the membranes 
are placed parallel to the beam, a broad X-ray scattering slope can be observed in the 
1D patterns in the q<0.3 Å–1 vector, which could be attributed to a more uniform 
lamellar structure formed by stacking of BN nanosheets. A broad scatter bump centred 
around 0.27 Å–1 is only present in the pattern from the hydrated BN membrane parallel 
to the beam, which arises from the spacing between the orderly stacked and hydrated 
BN nanosheets. This broad bump indicates a d spacing around 23.3 Å according to the 
Bragg’s law (d=2π/q). Taking the thickness of BN nanosheets (~15 Å) into account, 
the actual spacing between the nanosheets would be around 8.3 Å, which 
accommodates three layers of water molecules.[111] This continuous space between 
the BN sheets allows water molecules and metal ions to pass through, and forms ~8 Å-
thick 2D pathways (nanochannels) for water and ions. Since the thickness of the 
channels is about an order of magnitude below the Debye screening length (~30 nm 
with monovalent ions at a concentration of 10-4 M), the negatively charged BN sheets 
efficiently attract cations (K+, Na+, Ca2+ and H+) within an electrical double layer and 
repel anions (Cl-, SO42-, OH-). Hence, the latter are effectively excluded from the inner 
space of the channels. The concentrated cations in the nanofluidic channels contribute 
to a higher conductivity than in the bulk solution.[65, 69, 84] Due to the small volume 
of the nanochannels, the double layer can easily become saturated with cations even at 
low concentrations. This explains the ionic conductivity plateau in the low 
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concentration region. In higher pH solution (pH=8–9), zeta potential is more negative, 
which explains the slightly higher conductance. The BN membranes used in this work 
are typically around ten micrometres in thickness and contain thousands of parallel ion 
channels. Therefore, the BN conduits generate higher ionic currents and have a higher 
surface-charge-governed conductivity than the devices fabricated using conventional 
methods, such as lithography, which have a limited numbers of channels.[69, 84, 97, 
112] 
 
Figure 5.4 (a) XRD patterns of a dry BN membrane and a fully hydrated BN membrane, 
with (002) and (004) diffraction peaks at 26.7° and 54.9° respectively, (b) one-
dimensional (1D) SAXS patterns of dry and fully hydrated BN membranes aligned 
perpendicular and parallel to the X-ray beam, patterns stacked by offset from the 
intensity scale, (c) and (d) schematics show the parallel (c) and perpendicular (d) 
position of the BN membrane in the SAXS analysis. 
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Figure 5.5 (a) I-V curves obtained at KOH concentrations of 0.01, 0.05, 0.1 M and 1 
M (b) ionic conductivity as a function of KOH concentration, (c) I-V curves obtained 
at HCl concentrations of 0.01, 0.05, 0.1 M and 1 M, (d) ionic conductivity as a function 
of HCl concentration. 
Since BN has excellent thermal and chemical stability, BN nanofluidic conduits are 
expected to function in highly acidic and basic solutions. Ionic conductivity tests were 
carried out at various HCl or KOH concentrations (up to 1 M) respectively (Figure 5.5). 
A similar surface-charge governed ionic conductivity behaviour was observed at low 
concentrations (generally < 0.1 mM). This experiment was repeated for five times, but 
the surface-charge governed conductivity behaviour remained. For comparison purpose, 
we also tested the BN conduits in an acidic NaHSO4 solution, and similar results were 
obtained (Figure 5.6). 
After completing the routine conductivity tests with various concentrations, the BN 
conduits were soaked in 1 M HCl (pH ~0) and KOH (pH ~14), respectively, for an 
extended period up to a week. There was no visible change to the BN conduits after 
soaking in the solution. Conductivity test results after the extended soaking period 
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(Figure 5.7), show that conductance through the BN conduits is highly stable, which 
further confirms that the BN membrane is able to withstand highly acidic and basic 
environments. The BN conduits remain fully functional in acidic and basic 
envirionments and even after soaking in acids and bases. 
 
Figure 5.6 The results from Na2SO4 and NaHSO4 solutions show differences in 
conductivity with the presence of protons. (a) I-V curves obtained at NaHSO4 
concentrations of 0.01, 0.1 M and 1M, (b) ionic conductivity as a function of NaHSO4 
concentration, (c) I-V curves obtained at Na2SO4 concentrations of 0.01, 0.1 M and 1M, 
and (d) ionic conductivity as a function of Na2SO4 concentration. 
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Figure 5.7 Ionic conductivity of the BN conduit measured during one week soaking in 
1 M KOH and 1 M HCl. 
 
Figure 5.8 (a) Proton conductivities of the BN device at different temperatures with 
0.01 mM HCl, (b) Arrhenius plots of the proton conductance ((ln (G)) vs. inverse 
temperature (T–1)) for BN a device with 0.01 mM HCl. 
To determine the effect of temperature on ionic current, measurements were carried out 
on a BN conduits devices with a thermometer embedded in the PDMS near the BN 
membrane heated in an oil bath. The conductance of the BN conduits follows an 
Arrhenius behaviour, as shown in Figure 5.8b. The activation energy is estimated to be 
0.44 eV, indicating that the protons transport in the BN membrane follows a Grotthuss 
transport mechanism,[113, 114] which could be attributed to the hydroxyl and oxygen 
82 
 
termination of the BN.[81] It is worth mentioning that the temperature limiting factor 
in the aqueous electrolyte is its boiling point around 100 °C, while the PDMS matrix 
can withstand temperatures up to 250 °C,[115] both of which are far below the 
temperature stability of BN.[116] 
To estimate surface charge density, a semi-quantitative analysis of the concentration 
and conductivity was used.[69, 97] The total ionic conductance (G) was considered as 
the sum of two effects: the bulk ion conductance (GB), and the contribution of surface 
charges (GS):[87] 
G = GB+GS=q(μ+ + μ-)CBNAwh/l + 2μ+σs(w/l) 
Here, μ+ and μ- are mobilities of cations and anions, respectively; CB is the bulk salt 
concentration; NA is the Avogadro’s number; q is the elementary charge; w, h and l are 
the width, height and length of the nanochannels, respectively. For KCl solution, for 
example, when the ionic conductance begins to deviate from the bulk behaviour, GB 
and GS are almost equal. When the conductance through the nanofluidic channel equals 
the conductance of the bulk solution (G = 2GB and GB = GS), we can deduce σs = 
CBNAhq/2t, where t = μK/(μK+μCl) ≈ 0.49 in bulk solution.[117] We find that surface 
charge density σs ≈ 1.2 mC m–2 in KCl solution is comparable with some other materials 
reported.[69, 84, 97] However, this estimated value of surface charge density may not 
reflect the true surface charge on the BN nanosheets since the model is based on the 
assumption that the membrane can be conceptually considered as a simple array of 
cascading nanoslits with all the ionically conducting channels uniformly distributed 
throughout the BN membrane. However, the real geometric features are difficult to 
precisely determine in BN membrane. Thus, the estimated surface charge density is 
only a model approximation of the real membrane channel structure. 
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The BN conduits shown in this work are different from previously reported devices 
produced by conventional lithography methods,[84] based on nanotube[96], GO[65] 
and MXene[100, 101] membranes. The BN conduits not only generate higher ionic 
currents along the 2D slits and have a higher surface-charge-governed conductivity, but 
also remain functional in highly acidic and basic solutions. The high chemical and 
physical stability of BN conduits offers an opportunity for their use in a variety of 
applications. 
5.4 Conclusion 
Free-standing BN membranes have been assembled by filtration of few-layer BN 
colloidal solution and used to fabricate nanofluidic conduits that contain thousands of 
parallel slit-shaped ionic channels. Ionic currents have been measured through the BN 
nanofluidic conduits. A typical surface-charge governed conductivity, which is much 
higher than the bulk solution, is observed at low salt concentrations (< 0.1 mM) of a 
variety of salts solution (KCl, NaCl, CaCl2, HCl, NaOH and NaHSO4). The BN 
nanofluidic conduit can withstand and remain fully functional under elevated 
temperatures up to 90 °C in aqueous electrolyte and extreme pH condition. 
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Chapter 6.  Nanofluidic Electric Generators Based on Boron 
Nitride Nanosheet Membrane 
 
6.1 Introduction 
In nature, electric eels can generate bioelectricity with potential over 600 V as a mean 
of self-defence through their cell membranes.[118, 119] The prospect that clean energy 
can be harvested through artificial devices has attracted much interest in the past few 
decades. Power generation by using the electrokinetic devices had been proposed long 
ago.[120] The underlying mechanism is related to the electric field caused by the 
surface charges. Ions transportation through nanoscale fluidic channels are significantly 
different from that in the bulk solution.[82, 83] It is greatly affected by the surface 
charge on the channel walls when the size of the channel is comparable to the Debye 
screening length.[84] The concentrations of the ions near the channel wall are largely 
different from that in the bulk solution due to the electrostatic force.[65, 84-87] When 
pumping an electrolyte into a fine channel, the surface charge attracts counterions and 
repells the co-ions from the surface of the channel, resulting in a streaming current that 
can potentially be harvested. The idea that the mechanical force can be converted into 
electrokinetic energy is truly intriguing. Since then, a number of approaches has been 
proposed for the preparation of such nanofluidic channels.[89, 121, 122] While 
conventional methods like lithography for the preparation of 1D nanofluidic channels 
have advantages such as precise control of the channel diameter, channel shape and 
length,[121, 122] they require costly equipment and involves complicated processing 
procedures. In additional, the number of the channels produced is limited to one or a 
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few as well. In the meantime, two-dimensional (2D) layered materials may provide an 
innovative solution to the problem.[89] In our previous experiment, BN membrane 
conduits which contain thousands of parallel ionic channels, could be a cost-effective 
and feasible platform for building electric generating devices. 
In this paper, we demonstrate a power generation device based on ion transport through 
BN nanosheets conduits. The BN membrane provides a large number of nanofluidic 
channels, which can be utilized to convert hydraulic pressure into streaming ionic 
current. The current generated on the device is the highest among all the 2D material 
devices, reaching 12.1 nA with a pressure difference of 5 kPa. 
 
6.2 Experimental 
Preparation of BN nanosheets and BN membranes 
The experimental detail of preparation and characterization of the BN nanosheets and 
BN membranes can be found in Chapter 5 Section 5.2. 
Preparation and electrical measurements of the device 
Typically, a BN membrane was mounted between a sealed two-chamber cell. About 5 
mm2 (diameter ~2.5 mm) of the BN membrane was exposed to the electrolyte. Before 
each test, the device was immersed in various concentrations of electrolytes for one day 
to ensure that the electrolyte had fully filled the nanochannels of the membrane. 
Ag/AgCl electrodes were placed in both chambers at the same distance (~1 cm) to the 
BN membrane. Nitrogen gas pressure was applied to the selected chamber and was 
controlled by a valve outside the cell. The current response was measured by a Keithley 
6517 ammeter. The recorded current was presented as the average ± standard deviation. 
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The schematic of the experiment setup is shown in Figure 6.2a. Highly purified water 
(Milli-Q) was used in all the experiment. 
 
6.3 Results and discussion 
The BN membrane is fabricated by vacuum filtration of few-layer BN nanosheets 
colloid solution, as shown in Figure 6.1a–c.[64, 99, 108, 109] The few-layer BN (3–8 
layers with average around 5 layers) was prepared by a one-step exfoliation and 
functionalization ball-milling method reported previously.[81] The BN membrane 
fabricated is white, highly glossy and with some degree of flexibility, as shown in 
Figure 6.1c. In Figure 1d, a typical scanning electron microscopy (SEM) image shows 
the cross-section of a piece of membrane with a thickness of about 22 μm. The thickness 
of the BN membrane is tunable, from a few to over 100 μm by easily adjusting the 
amount of the BN colloidal solution used for filtration. Due to the high aspect ratio of 
the BN nanosheets, they are prone to stack in a well-aligned manner forming a lamellar 
structure, which can be seen in Figure 6.1d and 6.1e. 
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Figure 6.1 (a) A photograph of the colloidal solution of few-layer BN, (b) schematic 
showing the fabrication of the BN membrane by filtration, (c) fabricated BN membrane 
with 17 mm in diameter and highly glossy surface, (d) SEM image of the cross-section 
of a piece of BN membrane with a thickness of about 22 μm, (e) SEM image showing 
a lamellar structure formed by stacked BN nanosheets. 
X-ray diffraction (XRD) analysis on the dry and hydrated membrane shows a strong 
diffraction peak at around 27° and a weak one at 55° which correspond to (002) and 
(004) planes respectively (as shown in Chapter 5 Figure 5.4a). The nearly identical 
XRD spectra suggest that the crystal structure of the few-layer BN nanosheets is largely 
intact, and the d spacing between the atomic layers with a single sheet remains 
unchanged when the BN membrane is hydrated. To further investigate the difference 
of the hydrated BN membrane, small-angle X-ray scattering (SAXS) was performed on 
the BN membranes. Figure 5.4b contains the one-dimensional (1D) SAXS patterns 
from dry and fully hydrated BN membranes aligned perpendicular and parallel to the 
incident beam. The patterns obtained from the membranes perpendicular to the beam 
are generally flat in the q range of 0.2 to 1 Å–1. The flat patterns indicate the absence of 
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a distinctively structural order along the lateral direction of the membrane, which is 
similar to previous report on GO membrane.[110] In comparison, intense x-ray 
scattering can be observed when the membranes are placed parallel to the beam. This 
results with large slopes presented in the 1D patterns in the q range smaller than 0.3 Å–
1 could be attributed to the lamellar structure formed by the stacking of BN nanosheets. 
A broad scatter hump at around a q value of 0.27±0.02 Å–1 is only presented in the 
pattern from the hydrated BN membrane parallel to the beam, which arises from the 
spacing between the orderly stacked and hydrated BN nanosheets. This broad hump 
indicates a d spacing around 23.3±1.8 Å. By taking the thickness of BN nanosheets (5 
layers, ~15 Å) into account, the spacing between individual BN nanosheets was 
estimated to be around 8.3 Å, which can accommodate three layers of water molecules 
and crucial for the generation of the streaming current. 
A BN membrane was mounted in a cell separating two chambers filled with electrolyte 
solution. Ag/AgCl electrodes were placed in the chambers at the same distance (~1 cm) 
on each side of the membrane. The schematic of the experiment setup is shown in 
Figure 6.2a. Nitrogen gas pressure was applied to the selected chamber control by an 
outside valve, and the current response was measured by an ammeter connected to the 
two electrodes. When a nitrogen gas pressure of 5 kPa is applied, a synchronous 
streaming current typically in the range of several to oven ten nanoamperes can be 
recorded. As shown in Figure 6.2c and 6.2d, a current of 12.1±0.5 nA is generated in 
the 0.1 M NaCl solution across the two chambers. This process can be repeat for 
multiple times (10 times in Figure 6.2c) without any sign of decrease in the current 
intensity. To the author’s knowledge, it the largest reported current so far generated on 
2D material nanofluidic devices. 
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Figure 6.2 (a) Schematic showing the experiment setup. (b) Schematic drawing 
showing the shape of the current response. (c, d) The resulting current when the cell is 
driven under 5 kPa of nitrogen pressure. 
 
Figure 6.3 A single current response peak of the BN membrane device and the 
illustration of how to interpret the peak. 
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Interestingly, current spikes can be observed at the time when the pressure is switched 
on or off. From the current response signal recorded, the current sharply increases to its 
peak value within around 1–2 seconds when the gas pressure is toggled. After the sharp 
increase, the current response can be divided into two stages to analyse. The first stage 
is the exponential decay of the current (the first 10–15 s), until it stabilises in the second 
stage (duration of 15–20 s).This phenomenon might be caused by the sudden 
charging/discharging of the electric double layers related to the surge cause by the 
pressure change and elastic deformation of the membrane. The shape of the current 
spike resembles the shape of the current response to a square wave signal in a parallel 
resistor–capacitor (RC) circuit. It is worth noticing that the positive spikes, which 
appear when the pressure was turned off, is a mirror image of the negative spile when 
the pressure was applied. This further suggests that the spike comes from a 
charge/discharge of a capacitive component in the system. If we consider the system as 
an analogue of a RC circuit (Figure 6.3) and analyse accordingly, from the peaks in the 
figure, we can estimate the half-life (t1/2) of the current spike is roughly around 4±1 s, 
suggesting a time constant (T) of ~5.7±1.4 s. If we take a transient period of 3T (the 
time for the current to reach a stable value), this means the system would reach a steady 
state after t = 3T (17.1±4.2 s), which is consistent to our observation (15–20s). In our 
experiment, the average current reading of the last 15 s (in a 30 s peak) is taken as the 
mean current. Figure 6.2b shows a schematic drawing of how the reading of the current 
is measured in this case. 
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Figure 6.4 (a) Current generated driven by different nitrogen gas pressure (4, 6, 8 and 
10 kPa). (b) Current-pressure plot showing the current increases as the applied pressure 
increases. 
The measured current generally follows a linearly relation with the applied gas pressure 
from 4 to 10 kPa as shown in Figure 6.4. Pressure difference greater than 10 kPa is not 
recorded since it often caused the membrane to break. It is worth mentioning that a 
physically broken/pierced membrane can be distinguished easily even when the damage 
is not visible to the naked eyes. When testing on a damaged membrane, current response 
cannot be observed and the change of the solution level can be observed when pressure 
is applied. Linear regression shows that the intercept on the x axis on the plot is close 
to 0, which indicates that the resistance barrier is minimal and the force required to 
drive the flow through the BN membrane is relatively low. Similar behaviour has been 
reported on other fluidic systems,[121, 123, 124] but different from that previously 
observed on graphene hydrogel membranes,[89] possibly due to hydrophilicity of the 
BN membrane after the chemical modification.[81] The BN membrane can also work 
bi-directionally, as shown in Figure 6.5. When an alternating pressure was applied to 
the membrane, a synchronous alternating current response can be recorded. This 
alternating pressure can be repeated many times without affecting the intensity of the 
current signal. The current response follows the same shape described in Figure 6.2c 
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and 6.2d, and the positive current has the same shape and similar absolute value to the 
negative current. 
 
Figure 6.5 Alternating current response is observed with an alternating pressure 
showing that the membrane can work on pressure applied on either direction. 
The way ions transport through nanoscale fluidic channels is very different from that in 
the bulk solution. The surface charge on the channel walls plays an important role in 
the ion transport when the channel size is comparable to the Debye length.[84] Due to 
electrostatic force, the charged walls of the channel attract ions with the opposite 
charges and creating an electrical double layer. When driven by a hydraulic flow, ions 
in the channel were force to transport through the double layer which results in a 
streaming current. By coupling such a device with an external circuit, the current can 
be harvested and the device effectively converts hydrostatic energy into electrical 
power. As discussed in chapter 5, in the BN membrane, the surface of the BN 
nanosheets is highly charged with a zeta potential of –34±4 mV.[81] An electrical 
double layer forms near the surface of the BN nanosheets. As shown by the SAXS 
analysis, the broad hump and large slope in the q range smaller than ~0.27 Å–1 indicates 
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a stacking d spacing  ~23.3Å. Considering the thickness of BN nanosheets (average 5 
layers, ~15 Å), the spacing between the individual BN nanosheets would be ~8.3 Å 
(0.83 nm) which can accommodate two or three layers of water molecules.[111] This 
creates a continuous space between the BN sheets which allows water molecules and, 
in additional, ions to pass through, and forms nanosized pathways (nanochannels). In 
the hydrated BN membrane, the size of the channels (~0.8 nm) is about an order of 
magnitude below size of the double layer (Debye length ~30 nm with monovalent ions 
and a concentration of 0.1 M), anions can be effectively excluded from the inner space 
of the channels. When a pressure gradient is applied across the membrane, ions are 
forced to transport in an electric double layer which substantially overlap.[119, 122, 
123] Combined with the highly surface-charged BN nanosheets, the resulting current 
is the largest reported to date. 
Moreover, since the size of the exposed membrane is very small (5 mm2 in this study) 
and the amount of electrolyte required is minimal (a few ml), the generator takes up 
only a small amount of space, thus it can be easily integrated into other devices. In 
addition, by carefully designing the structure and shape, it is possible that the generator 
could be used to harvest energy from other mechanical force and movement from tide, 
door opening and closing, or even body movement.  
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Figure 6.6 (a, b) current response of two different generator units marked as device 1 
and device 2 under a driving pressure of 5 kPa. (c) current response of a generator group 
consist of device 1 and device 2 in parallel connection under the same driving pressure 
of 5 kPa. 
Furthermore, besides electric current generated on a single membrane device (a 
generator unit), it is rational to envisage that multiple unites can be connected to form 
a generator group, or even a power grid with a more complex structure, from which 
much greater power can be generated to drive larger devices. Here, a prove-of-concept 
generator group which consists of two BN membrane generators. The schematic of the 
design is illustrated in Figure 6.6c. The two membrane generator units were tested 
separately before being connected into a group, as shown in Figure 6.6a and 6.6b. The 
current response on the two unit were around 10.8±0.7 nA and 7.1±0.5 nA for device 1 
and device 2, respectively. After that, they were connected in parallel to form a 
generator group with gas pressure applied to both of the generators simultaneously. As 
shown in Figure 6.6d, the current response on the generator group averages at around 
18.3±0.3 nA which is approximate equal to the sum of the current from device 1 and 
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device 2 working separately. The results suggest that achieving a large current sufficient 
for real world application is feasible by further increasing the number of the connected 
membrane generator units. 
 
Figure 6.7 Streaming current measured in 0.1 M NaCl at pH 5, 7, and 9 under a gas 
pressure of 5 kPa. 
In addition, to verify if the generator can work in different pH conditions, a device is 
tested under different pH at 5, 7 and 9. The streaming currents through the BN 
membrane device at different pH are shown in Figure 6.7. Generally, the generator 
remains functional under this pH range. At pH 5, a slightly lower streaming current can 
be observed. As the pH value increases, the streaming current increases as well, where 
the current measured at pH 9 is about 2–3 nA higher than that measured at pH 7. These 
results indicate that in neutral and mild acidic/basic conditions, higher pH promotes the 
negative surface charge on the BN sheets, which consequently results in a higher 
streaming current. Similar results have also been observed on graphene hydrogel 
membrane[89] and chemically modified single nanochannels[125]. 
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6.4 Conclusion 
In this chapter, an electric generation device based on boron nitride nanosheets 
membrane is demonstrated. The hydrated BN membrane contains spacing between the 
individual BN nanosheets of ~0.8 nm. This spacing can accommodate three layers of 
water molecules and form nanofluidic channels within the membrane. The BN 
membrane provides thousands of nanofluidic channels which can be used to convert 
hydraulic pressure into streaming ionic current. The current generated on the device is 
the highest among all the 2D material devices reported reaching 12.1 nA with a small 
pressure difference of 5 kPa, and multiple generators can be connected to generate a 
larger current. 
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Chapter 7.  Summary and Perspectives 
7.1 Summary 
This thesis tries to give a comprehensive introduction of several typical 2D 
nanomaterials including conductive graphene, semiconductive MoS2 and insulating BN 
nanosheets in Chapter 1. As a new type of materials, their potential for developing 
better energy conversion and storage devices are discussed. Preparation methods that 
were developed or adapted in the study were described in the second chapter which also 
includes characterization methods that were used. From chapter 3 to chapter 6, the 
properties of 2D nanomaterials including graphene, MoS2 and BN were studied, and 
their potential applications in energy conversion and storage were explored.  
In chapter 3, a simple, low cost and catalyst-free method for synthesizing single crystal 
nanoparticles of In2O3 has been demonstrated. The nanoparticles show a smooth surface 
and truncated tips with the size of about 40 nm, and the electrochemical properties of 
the In2O3 nanoparticles as the active material in the negative electrode of LIB cells were 
studied. The reversible capacity after 20 cycles was around 107 mAh g–1 which cannot 
match with today’s most used graphite electrode. However, it has a high theoretical 
capacity and the tests show that its capacity in the first few cycles is well above the 
capacity of graphite. To overcome the drawbacks of decayed capacity, In2O3 
nanoparticles were embedded into a robust and highly conductive 3D graphene 
architecture during the reduction and self-assembly process of graphene oxide. The 
In2O3/graphene 3D architecture exhibits an excellent and enhanced performance as the 
anode material in LIBs. It retains a capacity of about 770 mA h g–1 after 100 cycles, 
and about 110 mA h g–1 at a high current density of 2000 mA g–1. The excellent 
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performance of the In2O3/graphene 3D architecture arises from the synergetic effect 
between the porous 3D graphene architecture and the nanosized In2O3 particles by 
suppressing the volume expansion and fully utilising the electrochemical properties of 
In2O3. The fabrication strategy of the In2O3/graphene 3D architecture can be easily 
extended for other nanoparticles to produce hybrid nanocomposites. 
In chapter 4, a new simple, efficient and scalable sol-gel approach for the synthesis of 
MoS2 nanosheets with tunable nitrogen doping contents is demonstrated. The N-doped 
MoS2 nanosheets with 2–8 atomic layers exhibit porous structure, high surface area, 
and an enlarged interlayer distance. Analysis shows the N-MoS2 nanosheets have better 
electrical conductivity and shifted Raman peaks compared with commercial MoS2 
particles which could be attributed to the N doping. Moreover, the N-MoS2 nanosheets 
give an outstanding performance in the storage of lithium ions, delivering a specific 
capacity of 998.0 mA h g–1 at 50 mA g–1 after 100 cycles. Even at a rate of 2000 mA g–
1, the reversible capacity of the N-MoS2 nanosheets can reach 610 mA h g–1. The 
improved lithium storage performance of the N-MoS2 nanosheets can be attributed to 
their large surface area, layered and porous structure, and increased interlayer distance. 
In addition, the high concentration of N doping enhances the conductivity of the 
material and boosts the diffusion coefficient of lithium ions, which significantly reduce 
the polarization and improve the cycling stability and rate capability. 
In chapter 5, the assembling of free standing BN membranes by filtration colloidal 
solution of few-layer BN nanosheets is presented. The assembled BN membranes can 
be used to fabricate nanofluidic devices which contain thousands of parallel ionic 
channels. Ionic currents can be measured through the BN nanofluidic devices showing 
a typical surface-charge-governed conductivity, which is much higher than that of the 
bulk salt solution at low salt concentrations (< 0.1 mM) of a variety of salt solutions 
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(KCl, NaCl, CaCl2, HCl, NaOH and NaHSO4). The BN nanofluidic devices can 
withstand and remain fully functional under extreme pH condition (pH below 0 or 
above 14), and still function normally at temperatures up to 90 °C exceeding most other 
similar devices based on graphene oxide. 
In chapter 6, an electric power generation device based on the BN nanosheets 
membrane is demonstrated. This is a further development based on the BN membrane 
described in chapter five. Since the hydrated BN membrane contains spacings between 
the BN nanosheets which is estimated to be ~0.8 nm, it can accommodate two or three 
layers of water molecules and form nanofluidic channels within nanosheets. The BN 
membrane provides thousands of nanofluidic channels in a thickness of only a few 
micrometres, which can be utilized to harvest energy from hydraulic pressure and 
generate streaming ionic current. Experiments show the current generated on the device 
is the highest among all the 2D nanomaterial devices reported and can be further 
increased by connecting several devices together. 
 
7.2 Future work 
While this thesis has demonstrated the potential of 2D nanomaterials (graphene, MoS2 
nanosheets and BN nanosheets) in energy conversion and storage applications, it have 
raised more questions as well. Moreover, many opportunities for extending the scope 
of this thesis remain. This section presents some of these directions. 
Study on structural and other chemical feature of the N-doped MoS2 nanosheets 
In chapter 4, MoS2 nanosheets synthesised by a sol-gel approach exhibit enhance 
lithium storage performance. Difference techniques have been employed to characterise 
100 
 
the MoS2 nanosheets structure and morphology. However, the detail N-doping site and 
structural distortion introduced in the MoS2 nanosheets are largely unknown. 
Preliminary Raman spectrum study has provided some information regarding the effect 
of the N-doping. Further systemic study by using Raman spectroscopy or computational 
study may provide further detail of the structure which would help to further improve 
the performance in LIBs, and predict the effect on catalytical property of the MoS2 
nanosheets. 
Surface modification of the BN nanosheets 
Chapter 5 has presented the assembling of free standing BN from the dispersion of BN 
nanosheets. The stability of the BN nanosheets dispersion and the nanofluidic channels 
formed in the BN membrane are largely related to the surface charge conditions and the 
surface functional groups attached to the BN nanosheets. Chemical modification of the 
amino-group attached on the BN nanosheets may be a way to finely tune the nanosheets’ 
surface charge conditions, it may also enable us to change the properties of the 
nanofluidic channels, ultimately improve the efficiency of the electricity generation. 
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